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We studied the transmission characteristics of a one-dimensional metamaterial slab operating at the
millimeter-wave regime. The double-negative nature was proven by using a normal incidence transmission
study. A split-ring resonator based metamaterial flat lens with five layers at the propagation direction was
constructed and illuminated with oblique incidence. From the scanning experiments, the shifting of the beam
to the negative side was observed. The experimental results are in agreement with the Drude–Lorentz model
based simulations. Two-dimensional field maps that were obtained from these simulations demonstrated nega-
tive refraction, negative phase velocity, and the reflected beam properties at 99 GHz. © 2009 Optical Society
of America
OCIS codes: 160.3918, 160.4670, 260.5740.m
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qhe macroscopic behavior of a homogeneous medium can
imply be specified by using electric permittivity  and
agnetic permeability  parameters. In nature, materi-
ls do not exhibit simultaneous negative  and . In re-
ent years, it has been demonstrated that artificial peri-
dic structures, with optimized unit cell architectures,
orm an effective medium with assigned effective  and ,
hich can both be negative [1]. The medium was called
etamaterial, and it has exciting properties such as a
egative index of refraction, negative phase velocity,
ackward Cherenkov radiation, and the reversal of the
oppler shift [2]. A widespread method for the realization
f negative-index metamaterials is to utilize the magnetic
esonance of subwavelength structures for negative- [3]
nd low-frequency plasmonic systems composed of con-
inuous thin wires for negative  [4,5].
Metamaterials can be incorporated into devices that
perate at any band of the electromagnetic spectrum from
icrowave to infrared and visible regimes. There is a po-
ential for improving their current device performances
nd also for creating novel device properties. For ex-
mple, Wiltshire et al. demonstrated that the introduction
f -negative materials can improve the image quality in
agnetic resonance imaging by guiding the radio fre-
uency flux from an object to the receiver [6]. Bilotti et al.
esigned an efficient -negative material loaded patch
ntenna whose electrical size is much smaller than the
onventional case [7]. On the other hand, the major trend
s to demonstrate the metamaterial concepts at higher
requencies. Operation frequencies of 5 GHz [1], 100 GHz
8,9], 5 THz [10], 100 THz [11], and 370 THz [12] are
emonstrated by scaling the unit cell dimensions and by
sing various fabrication techniques. However, due to the
aturating magnetic response of -negative medium ele-0740-3224/09/091688-5/$15.00 © 2ents [13], it is very difficult to demonstrate a double-
egative metamaterial medium operating at the visible
and. The demonstration of a superlens at the visible
and, whose imaging properties are not limited by diffrac-
ion, remains to be an attractive research field. On the
ther hand, metamaterial applications are not limited to
he optical regime; there is currently ongoing research at
he terahertz and gigahertz regimes of the electromag-
etic spectrum. For the experimental verification of
ouble negativity at different frequency bands, different
abrication and measurement techniques should be ap-
lied. For example, while printed circuit board technolo-
ies are adequate to obtain double-negative operation at
GHz, optical lithography and clean room facilities are
eeded for 300 GHz. Similarly, at 3 GHz, horn antennas
re used as the radiation sources and sinks while, at the
nfrared regime, we utilize light bulbs and InGaAs detec-
ors. There can be unique device applications specific to a
requency band due to the properties of the materials
sed for the device realization and atmospheric condi-
ions. The experimental study of metamaterials at fre-
uency bands other than the optical regime, such as tera-
ertz and gigahertz frequencies, has its own significance
nd 100 GHz could be thought of as the starting point of
erahertz applications, in which it plays the role of a
ridge between the microwave and terahertz regimes. In
he present study, we verify the negative refraction prop-
rty of a rectangular slab metamaterial operating at
00 GHz by scanning the transmitted beam at the second
etamaterial–air interface.
The paper is organized as follows: after a description of
he designed metamaterial, we prove that the metamate-
ial has simultaneously negative  and  by using the
ualitative effective medium theory methods. We briefly009 Optical Society of America
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ulation methods. And finally, we demonstrate the results
f the Gaussian beam shifting method [14] at the second
etamaterial–air interface.
Our design was composed of split-ring resonators
SRRs) and continuous wires. A schematic of the periodic
onfiguration and unit cell are shown in Fig. 1. The SRR
arameters are as follows: the strip width w=55 m,
eparation between the strips s=55 m, split width g
55 m, and resonator side length l=440 m. The con-
inuous wires of width u=275 m are situated on the
ack face of the substrate and are shown in Fig. 1 (right).
he period was az=550 m in the propagation direction
−z, ay=550 m in the y direction, and ax400 m in
he x direction. There are five or three layers in the z di-
ection, 45 layers in the y direction, and 54 layers in the x
irection. The substrate is Rogers RT/duroid 5880 with a
ielectric constant =2.0 and a dissipation factor tan 
0.0009. The substrate thickness was t=254 m, and the
eposited copper thickness was h=9 m. The metamate-
ial layers were illuminated with a linearly polarized
ave propagating at the −z direction, the E-field was in
he y direction, and the H-field was in the x direction.
In our simulations, we used the commercial fullwave
ode, CST Microwave Studio, which is based on the finite
ntegration technique [15]. The metamaterial unit cell
as inserted into the simulation domain, and periodic
oundary conditions were applied at the lateral directions
y and x directions). The transmission data was obtained
ia point probes.
We demonstrate the results of the transmission-based
ualitative effective medium theory analysis in Fig. 2.
his analysis proves whether the designed medium pos-
esses simultaneously negative effective permeability and
ermittivity [9,16–18]. In this analysis, first we consider
he transmission response of the SRR medium and its
hortened version (sh-SRR), in which the split width g
0 is equal to zero. The shortened SRR is also known as
losed ring resonator (CRR). In Fig. 2 on the left-hand
ide, we showed the simulation and experiment results of
he first part. The disappearance of the stop-band in the
ransmission data of the sh-SRR medium implies that the
esonance of the SRR medium is magnetically originated.
hereby, at around the resonance frequency, the effective
ermeability was negative 0. Second, we checked the
ransmission data of the composite metamaterial (CMM)
hat was shown in Fig. 2, right-hand side. At around the
ig. 1. (Color online) Schematic of the designed split-ring reso-
ator based metamaterial medium. Periodic configuration and
RR parameters are shown: g=w=s=55 m, l=440 m. The
ropagation direction was −z direction, E-field was in the y direc-
ion and the H-field was in the x direction.agnetic resonance frequency, we saw a transmission
eak, which was expected to be due to the double negativ-
ty of the medium. We decided whether the permittivity of
he CMM medium was negative by considering its short-
ned version (sh-CMM). Their plasma responses were
early the same. The sh-CMM medium was composed of
ontinuous wires and sh-SRRs, and its plasma frequency
as around 150 GHz. Below the plasma frequency, the
ermittivity was negative and transmission was forbid-
en, as shown in Fig. 2.
At this point, we would like to discuss one of the sig-
ificant differences between the previously demonstrated
00 GHz metamaterial of our group [8] and the one pre-
ented in this paper. One of the critical parameters for the
etamaterial study is the losses. In [8] we used glass as
ubstrate and the metal thickness was close to the skin
epth at 100 GHz. Both the use of glass material and thin
etal layer made that metamaterial very lossy and the
caled transmission peak for normal incidence was
−25 dB. This lossy nature prohibited us from the dem-
nstration of beam shifting, metamaterial prism, and far-
eld effects at the millimeter wave scale. The losses are
he main obstacle for obtaining metamaterials composed
f deep subwavelength elements at the optical and visible
egimes of the electromagnetic spectrum. In this study,
e demonstrated a low loss metamaterial with scaled
ransmission peak for normal incidence of −2 dB. By us-
ng this metamaterial beam shifting, metamaterial prism
nd far-field effects experiments can be realized rather
asily.
At 100 GHz the minimum dimensions of the metama-
erial elements were 50 m and the unit cell dimen-
ions were about a half millimeter. Compared to the
GHz ones [14] these structures were much more diffi-
ult to fabricate and handle. The measurements at
00 GHz were not performed with standard network ana-
yzers, as they are extremely expensive [19]. We con-
tructed a homemade millimeter-wave network analyzer
ig. 2. (Color online) Transmission spectrum for three layered
etamaterials in the propagation direction. (Left) The SRR
solid curve) and CRR (dashed curve). (Right) The CMM (solid
urve) and shortened CMM (dashed curve), i.e., closed composite
etamaterial (CCMM).
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nalyzer.
The schematic of the refraction spectra measurement
etup is shown in Fig. 3(a). The setup consists of a
illimeter-wave network analyzer, automated linear
ranslation system, and two horn antennas as the trans-
itter and receiver. There were five metamaterial layers
n the propagation direction. The transmitter horn an-
enna was on the right-hand side of the metamaterial
ith respect to its central axis. We scanned the spatial in-
ensity distribution along the second metamaterial–air
nterface from 75 to 115 GHz. In Fig. 3(b) we made an ad-
itional analysis related to anisotropy in order to clarify
hat this anisotropic metamaterial has a negative index
hat indeed leads to the negative beam shift. In this
nalysis, we used the retrieval formalism developed in
20], which takes into account the asymmetry of the me-
ium at the propagation direction. Even though the
ethod of [20] was developed by considering a homoge-
eous media, it can be used to retrieve the effective me-
ium parameters of anisotropic multidimensional
etamaterials [20]. From the complex scattering param-
ters we extracted the metamaterial’s refractive index
nd, as shown in Fig. 3(b), we demonstrated that for ob-
ique incidence with angle used in the experiment (22°)
he metamaterial have a negative index of refraction at
round 100 GHz. The refractive index n was −1.0 at
9 GHz. Recently an experimental proof on the insensitiv-
ty of SRR-based metamaterials to the angle of incidence
as provided. They are in parallel with the analyses’ re-
ults given here [21].
Figure 4 shows the transmission spectra as a function
f frequency, in which the lateral position for the angle of
ncidence was =22°. For control purposes, we also mea-
ured the free-space response. It is evident that, for the
etamaterial case, the transmitted beam appeared on
he right-hand side. Thereby, the index of refraction of the
etamaterial medium was negative. The frequency cuts
t 99 GHz are shown in Fig. 5, in which the appearance of
ig. 3. (Color online) (a) Beam-shifting experiment geometry.
b) Retrieved effective refractive index for the oblique incidence
or =22°.negatively refracted beam can be seen more clearly. By
sing Snell’s law of refraction, we determined the refrac-
ive index from the experiment. The parameters shown in
ig. 3(a) are as follows: thickness of the slab was d
2.75 mm, distance of the horn antenna to the interface
as d0=1 mm, measured shift distance was x=0.6 mm,
nd the incidence angle was =22°. By using simple geo-
etric equations and Snell’s law: nair sin =nNIM sin−,
1=d tan , x2=d0 tan , x=x1−x2, we derived the other
arameters: refraction angle =20°, shift distances x1
1.0 mm, x2=0.4 mm, and refractive index n=−1.0. The
esults are in good agreement with the theoretical calcu-
ations. By just looking at the beam shift we cannot claim
hat the medium has a negative index. Thereby, here we
emonstrated that there is a correlation between the
egative band region determined by the qualitative effec-
ive medium theory analysis, retrieval analysis, and the
eam-shifting experiment. We do not expect such a
requency-dependent response from an arbitrary aniso-
ropic medium.
ig. 4. (Color online) Transmission spectra as a function of fre-
uency and scanning distance. (a) Free space, (b) negative index
etamaterial.
ig. 5. (Color online) Frequency cuts at 99 GHz. (a) Experi-
ent: free space (solid curve)–negative index metamaterial
NIM) (dashed curve). (b) Drude–Lorentz simulations.
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K. B. Alici and E. Ozbay Vol. 26, No. 9 /September 2009 /J. Opt. Soc. Am. B 1691We also confirmed the experimental results by using
ST simulations. In these simulations, we modeled our
egative index medium with the isotropic Drude–Lorentz
odel. The Drude model formula was =+p
2 /
i	c with the following parameters: plasma frequency
p=2
130 GHz, collision frequency 	c=0.01 Hz. For the
agnetic dispersion, the Lorentz model formula was
=+ s−0
2 / 0
2+ i−2 where the param-
ters permeability infinity =1, permeability static s
1.07, resonance frequency 0=2
97.9 GHz and the
amping frequency =1.3 GHz were used. The Drude–
orentz model parameters were selected in such a way
hat they were in good agreement with the retrieved ef-
ective parameters of the metamaterial medium at
round 99 GHz. We made a Drude–Lorentz model fit to
he retrieved effective medium parameters: permittivity
 and permeability  and selected the model param-
ters by specifically paying attention to 99 GHz. We ap-
lied perfect electric conductor boundary conditions at the
ertical direction y and perfect absorbing boundary con-
itions in other directions. The transmitter horn antenna
odel that was used in the simulations has the same
hysical parameters as the one used in the experiments.
t was fed with a waveguide port. By this method, the
eld propagation and far-field profiles were simulated
ith efficient computation power. We demonstrated the
eld profile of the experiment in Fig. 6 Media 1 as an ani-
ation. The appearance of the beam on the right-hand
ide of the second interface, negative phase velocity inside
he metamaterial medium, negative refraction, and the
eflection properties can all be seen in this animation. In
ig. 6 instead of simulating the actual slab composed of
any metamaterial unit cells, we used a homogeneous
edium with assigned index and impedance. By this
ethod, we were able to observe the field profile in and
round the negative index metamaterial slab. The main
dvantage of this method was the reduction of required
omputer power and memory.
In summary, we confirmed by direct field scan measure-
ents, a one-dimensional metamaterial lens that is de-
igned to be double negative by using the qualitative ef-
ective medium theory, in which it indeed refracts the
bliquely incident waves to the negative direction. The
tudy was performed both experimentally and numeri-
ally at around 100 GHz.
ig. 6. (Color online) (Media 1) Electric field magnitude in y di-
ection at 99 GHz.CKNOWLEDGMENTS
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